In this work, we have explored the possibilities of improving CP violation discovery potential of newly planned Long-Baseline Neutrino Experiment (LBNE), U.S.A., by combining with data from reactors. The third mixing angle θ 13 is now very precisely measured and this precise measurenent of θ 13 helps in measurement of CP violation. Here, CP violation is studied with and without data from reactors. Impact of placing a ND is also studied. It is found that CPV discovery potential of LBNE with ND increases when combined with data from reactors. With a far detector of 35 kt, it is possible to obtain 5σ sensitivity of CPV when run for 5 years in ν and 5 years inν mode. When hierarchy is assumed to be normal hierarchy, CPV sensitivity is maximum. CPV discovery is possible by combining 5 years neutino data from LBNE with 3 years anti-neutrino data from reactors. This study reveals that CPV can also be discovered at 5σ cl in IH mode when appearance measurement of LBNE is combined with reactors.
Introduction
Precise measurement of third neutrino mixing angle has opened up the door for physicists to search for its implementation in discovering other unknown parameters like neutrino mass hierarchy, CP violation etc. Specially, confirmation of non-zero θ 13 [1, 2, 3] has provided the experimental physicists a way to search for CP violation. CP violation in the leptonic sector can lead to leptogenesis [4] which will help to answer unsolved questions like baryon asymmetry of the universe, baryogenesis etc [5] . Although, CP violation in the neutrino sector is not directly linked to that in charged leptonic sector or in leptogenesis, discovery of CP violation in neutrino sector may add to the study of leptogenesis [6] . By measuring θ 13 precisely and accurately, the new generation reactor experiments have done their job. Now it is time for the long baseline (LBL) experiments to explore the other sensitive issues in neutrino sector like determining the octant, mass hierarchy, CP phase etc. Actually, LBL experiments (LBNE [7, 8] , NOvA [9] , T2K [10] , MINOS [11] , LBNO [12, 13] etc), have the advantage due to their long baselines. In LBL experiments due to their long baseline, matter effect [14, 15] comes in to play as it has opposite signs in the probability expression for the hierarchies and hence, they can differentiate between normal mass hierarchy (NH, m 2 3 − m 2 2 > 0) and inverted mass hierarchy (IH, m 2 3 − m 2 2 < 0). The term that arises due to matter effect, changes sign when we change the oscillation from neutrino to anti neutrino mode or vice-versa. So, in presence of matter effect, CP is entangled and hence there are two degenerate solutions corresponding to one experiment. One solution corresponds to true values of CP and the other corresponds to the entangled value of CP. This problem can be resolved by combining two experiments with different baselines [16, 17] . For LBNE, baseline is so chosen that the asymmetry between ν µ → ν e versusν µ →ν e is larger than the CP violating effect of δ cp , which means that LBNE alone can determine mass hierarchy as well as CPV phase [7] . But CPV measurement is dependent on θ 13 as in neutrino mixing matrix, they appear together as θ 13 e −iδ (or θ 13 e iδ ). To measure CP violation, sin 2 2θ 13 must be greater than or equal to 0.01. So, present knowledge of θ 13 plays an important role in determining CP violation. In this work, we have explored the CPV sensitivity of LBNE in presence of reactor experiments. Earlier, leptonic CPV has been explored by combining reactor experiment with superbeam experiment in [18] . The combined sensitivity of a 10 kt LArTPC in conjunction with NOvA and T2K to discover the existence of leptonic CP violation is available in [19] . They have found that for nearly 60% of the true δ cp values, it is possible to discover CPV phase at 95% cl for the combined experiments. In [20] and [21] , authors have studied CPV for various configuration of LBNE with atmospheric data. Leptonic CP violation is also studied for the newly proposed high-power neutrino superbeam experiment [22] . It is possible to discover CP violation at 2σ cl for nearly 50% of true δ cp by combining LBNE10 with LBNO [23] experiments.The possibility of determining neutrino mass hierarchy independent of δ cp at bi-magic baseline is studied in [24, 25, 26] . The possibility of observing CP violation in the lepton sector in the proposed INO experiment, using the beta beam from CERN is studied in [27] . The aim of this work is to achieve the best possible CPV sensitivity for LBNE in the light of moderately large value of θ 13 . We have combined LBNE with three reactor experiments together, Daya Bay, Double Chooz and RENO, to explore the different possibilities to improve CP violation sensitivity of LBNE. Although, CP violation in neutrino sector is accessible to only appearance measurements [7] , we have combined both appearance as well as disappearance measurements of LBNE in both neutrino and anti-neutrino modes with the data from reactors to study CPV sensitivity for 10 kt and 35 kt far detector. We have individully added Daya Bay and RENO experiments with 35 kt LBNE to study CPV. The effect of adding near detector in CPV sensitivity is also studied. Prior on θ 13 plays an important role in octant sensitivity [28] . Here, we have presented our results on CPV sensitivity in presence of prior on θ 13 . The effect of combining 5 years of neutrino data from LBNE (35 kt FD with ND), with 3 years of anti-neutrino data from reactor experiments, on CPV sensitivity is also presented here. The contribution made by the appearance channels ν µ → ν e andν µ →ν e towards the CPV discovery in presence of reactor data has also been explored in this work.
We find that CPV discovery potential of LBNE with ND can be improved significantly by combining with reactor experiments. Specially, if the assumed true hierarchy is NH, then the combined analysis can noticeably change the sensitivity. It is also possible to study CPV sensitivity at LBNE by combining its 5 years neutrino data with 3 years data from reactor experiments at 3σ cl. We observed that only the appearance measurement at LBNE can discover CPV with more than 5σ cl if data from reactors are added. We find that 10 kt (35 kt) FD with ND at LBNE can discover 45% (39%) of true δ cp at 3σ (5σ) cl when combined with reactor experiments. These are the novel results presented in this work.
The paper is organized as followed: in section 2, a theoretical discussion on CP violation in neutrino sector is presented. How the LBNE and reactors combination can explore CPV is also discussed here. Since we are combining a specific sets of experiments, in section 3, the details of the experiments are provided. The χ 2 analysis as well as the systematic and statistical information are included in section 4. Section 5 contains results and discussions. In section 6, concluding remarks are included.
CPV in Neutrino Oscillation
The precise and moderately large value of θ 13 from reactor experiments have confirmed the non zero value of CP violating phase δ. While studying CP violation, CP-asymmetry term, A CP , plays the major role. It is the ratio of probabilities and is expressed as [7, 29] 
The series expansion of P (ν e → ν µ ) oscillation probability in vacuum upto α 2 order can be approximated as [29, 30, 31] :
where,
P sin δ = α sin δ cos θ 13 sin 2θ 12 sin 2θ 13 sin 2θ 23 sin
P cos δ = α cos δ cos θ 13 sin 2θ 12 sin 2θ 13 sin 2θ 23 cos∆ sin
2∆
(5)
Where, α = . The term containing the CP phase, i. e. P cos δ and P sin δ are suppressed by mass hierarchy as they contain terms upto O(α). In vacuum, A CP is directly proportional to sin δ and hence it measures intrinsic CP violation. In matter, due to matter effect (MSW effect), a new parameter, A = √ 2G F N e , appears in the probability expression and hence above expression for the appearance probability also changes in matter. AbbreviatingÂ = A ∆ , the appearance probability P νµ(νµ)→νe(νe) for LBNE in leading order in α = ∆m 2 21 /∆m 2 31 can be written as [29, 31] 
where, neglecting all sub-leading terms in θ 13 , we obtain:
P sin δ = α sin δ cos θ 13 sin 2θ 12 sin 2θ 13 sin 2θ 23
P cos δ = α cos δ cos θ 13 sin 2θ 12 sin 2θ 13 sin 2θ 23
As∆ → 0 for small baselines, all these expression converges to their counterpart in the vacuum oscillation probability. In presence of matter, ifÂ∆ ≤ 1, then under the condition of bi-maximal mixing, CP asymmetry term is given as
So at high energies, A CP E ν is constant in the energy spectrum and hence it can directly access the CPV phase δ for any values of sin 2 2θ 13 [29] . As reactor experiments measure θ 13 precisely, so when P (ν µ → ν e ) of LBNE is combined with reactor experiments, they measure sin δ [18] . Since precise measurement of sin δ is very much dependent on precise measurement of θ 13 , so adding reactor data with LBNE improves its CPV sensitivity noticeable.
Experimental Specifications
In this section, we provide some details of the experimental set ups studied in this work. The informations are taken from respective literatures available so far. LBNE [7, 8] is a world class accelerator facility planning to built in US to detect neutrino oscillation from Fermilab to Homestake mine where a non magnetized 10 kt Liquid Argon Time Projection Chamber (LArTPC) will detect neutrinos. The primary goal of LBNE is to explore the unknown sector of neutrino physics. The key strength of LBNE is its baseline which is 1300 km long and is sensitive to matter effect. Due to this sensitivity, it can alone resolve neutrino mass hierarchy with more than 3σ precision. Matter effect induced asymmetry between ν µ → ν e andν µ →ν e make it possible to measure both CPV and mass hierarchy within the same experimental set up. In the 1st phase of the experiment, it will run for 10 years with 5 years in ν and 5 years inν mode with 10 kt detector and 700 kw of power. Near detector will be employed for precision measurement of oscillation parameters. Use of ND will reduce the background systematic uncertainties. Double Chooz [3, 32] , Daya Bay [1, 33] and RENO [2] are the three new generation reactor experiments with two detector set up which have proved their capability by precisely measuring the third neutrino mixing angle θ 13 . They are designed to detectν e produced in inverse beta decay reaction.ν
The four isotopes -235 U , 239 P u, 241 P u and 238 U , produce anti-neutrino flux at their respective reactor cores through β decay reaction and then produced neutrinos are carried to the detector facility. The detail specifications of these three reactor experiments are tabulated below. Both Double Chooz and RENO have one near and one far detector in their detector site. But Daya Bay experimental site is little complicated and can be best understood from their collaboration report. Initially, Daya Bay had four reactor cores, two at Daya Bay NPP and other two at Ling Ao NPP. Later, two new cores at Ling Ao II were added. In this work, we have considered 3 years ν data from the reactor experiments.
Systematic Uncertainties and χ 2 Analysis
Systematic uncertainties play an important role in precision measurements. Reactor measurements are also dependent on systematic uncertainties like reactor related, detector related, and back- Table 2 : set of errors used in our calculation ground related. But, using two identical detectors, the detector related systematic uncertainties could be minimized and it also helps in reducing reactor related uncertainties. Considering the partial cancellation of errors due to the presence of near-far detectors, We have used a reduced set of errors (table 2) from their respective literatures [34, 35, 36] . We have used GLoBES software [37, 38] for simulation. For LBNE, used energy range is 1-10 GeV while for reactors, it is 1.8-8 MeV. Event reconstruction efficiency is 85% for LBNE. All other informations like resolution, signal and background efficiencies are taken from [7] . LBNE is also planning to employ near detector with 35 kt FD to reduce background systematic uncertainties. We have presented our results with and without ND both for 10 kt and 35 kt FD. The near detector informations are taken from [20, 21, 39] . The χ 2 function, used for reactor experiments is: fig.1 ). So in this work, we have studied CPV sensitivity for the true values of θ 23 in both the octants. In our view, this is important, as so far the octant has not been fixed. We have 1st calculated the minimized χ 2 for LBNE only and then combined the three reactors with LBNE to calculate the minimized χ 2 of the combined system. i.e. If the calculated χ 2 min is greater than 4.0, 9.0 and 25.0 for some fraction of true values of δ cp for an assumed true hierarchy and octant, CP violation discovery is then possible for that fraction of δ cp at 2σ, 3σ and 5σ cl. Effect of adding prior on sin 2 2θ 13 in CP violation sensitivity is also studied. The prior is defined as:
Prior on sin 2 2θ 13 with 1σ error range is: σ sin 2 2θ 13 =0.01 [1, 2] . In presence of prior, χ 2 minimum is calculated as:
We have added prior on sin 2 2θ 13 to LBNE only, assuming the present knowledge of sin 2 2θ 13 from reactor experiments.
NH, LO-true NH, HO-true IH, LO-true IH, HO-true
( P(νe→ νμ) -P(νe→ νμ))/(P(νe→ νμ) +P(νe→ 
Results and discussions
In this section, we present the results of this work. For the numerical calculation, we have used the full form of neutrino oscillation probability in matter. In fig.1 , we have shown the variation of CP asymmetry term, A CP , with δ cp for both the hierarchies at LBNE. Assuming a true hierarchy, we have studied the asymmetry variation in both the octants. From fig.1 , we find that CPV sensitivity at LBNE is more in LO and in IH. In fig.2 , we have shown the CPV sensitivity or possibilities of excluding the CP conserving phases for LBNE as well as the combined configurations under study.
To generate these results, we have considered the global best fit values of neutrino oscillation parameters as the true values [40] . Recent global data [41] prefers the higher octant as the true octant, but they [40, 41] are agree with non-maximal θ 23 . Hence θ 23 has two degenerate solutions corresponding to HO and LO. With new global data, we have generated one CP violation sensitivity plot for 35 kt FD (LBNE with ND), considering the LO as the true octant and NH as the true hierarchy (black solid plot in fig.3 ). The CP violation sensitivity achieved for this case is found to differ negligibly from that with the old global data [40] . So, use of new global data will not remarkably change the results presented here. In fig.2 and fig.3 , we have shown CP violation sensitivity plots for 10 kt and 35 kt far detectors at LBNE (with and without ND). Here, we have combined both ν e appearance and ν µ disappearance channel in neutrino and anti-neutrino mode. CPV sensitivity of above is then compared with that of LBNE in conjunction with reactor experiments. Effect of adding prior on sin 2 2θ 13 = 0.01 with LBNE is also presented. From fig.2 and fig.3 , we make the following observations:
• From fig.2 and fig.3 , it is observed that CP violation sensitivity is higher in LO for any assumed true hierarchy which is also confirmed by the asymmetry plot in fig.1 .
• In presence of ND, CPV sensitivity increases. Although this increase in CPV sensitivity of 10 kt FD is not so significant, but for 35 kt FD, ND information remarkably improves the CPV sensitivity.
• CPV sensitivity increases as the mass of the FD increases. For 10 kt FD, 3σ CPV discovery is possible for LBNE if true hierarchy and true octant are IH and LO respectively. For the same hierarchy and octant, with 35 kt FD, LBNE with ND alone can discover CP violation sensitivity at 5σ cl. For this combination of hierarchy and octant, reactors combined LBNE produce similar result with LBNE alone. Presence of ND enhances the CPV sensitivity of 35 kt FD.
• For 10 kt FD with ND, reactors combined LBNE can discover 0.45 fraction of δ cp which corresponds to CP violation at 3σ cl for (NH, LO-true) combination. For (IH, LO-true) combination, 0.27 fraction of δ cp contributes to CPV at 3σ cl for the same experimental set up.
• For 10 kt FD with ND, it is found that 0.16 fraction of CP violating δ can be discovered at 3σ cl for (NH, HO-true) combination in presence of data from reactors. For (IH, HO-true) combination, there is no CP violation sensitivity at 3σ cl.
• When NH is the true hierarchy, adding data from reactors to LBNE improves CPV sensitivity considerably irrespective of octant. Use of ND helps in improving the sensitivity. For 35 kt FD with ND, 5σ discovery is possible irrespective of hierarchy and octant of θ 23 . For 35 kt FD, fraction of δ cp to be discovered at 3σ and 5σ cl with ND is considerably different from that without ND. The reactors combined 35 kt FD (w ND) can discover 0.39 fraction of δ cp at 5σ cl for NH when LO is assumed to be true octant. For IH and LO combination, both LBNE alone and combined analysis can measure 0.37 fraction of δ cp at 5σ cl.
• Adding individual reactors can also improve CPV sensitivity of LBNE as seen from fig.3 . We have combined Daya Bay and RENO with 35 kt LBNE FD and obsedved that CPV sensitivity increases specially in NH for LO.
• Adding prior on sin 2 2θ 13 increases CPV sensitivity when the assumed hierarchy is NH. To measure CPV phase, it is necessary that LBNE runs in both ν andν modes. Since reactor experiments run inν mode, so, by combining the 5 years ν data from LBNE with 3 years data from reactors, it is also possible to study CPV. In fig.4 , we have combined the 5 years ν data from 35 kt LBNE FD(w ND) with 3 years data from reactors. It is observed that CP violation is possible to be discovered at more than 3σ cl. the fraction of δ cp possible to measure at 3σ cl is 0.53 for NH irrespective of the octant. In IH mode, the fraction of δ cp at 3σ cl is found to be 0.37 (0.29) when true octant is the HO (LO). In fig.2 and fig.3 , we have combined both appearance and disappearance channels to study CPV sensitivity. In fig.5 , we have explored the possibility of CPV discovery at LBNE with ν µ → ν e and ν µ →ν e channels (appearance) only, as the probability expression for these modes of oscillation contain sin δ term which is responsible for CP violation. A comparative study of the three sets of plots-35 kt FD at LBNE, 35 kt FD at LBNE with reactors and 10 kt FD at LBNE with reactors, have shown that 5σ discovery of CPV is possible if 35 kt FD with ND is combined with reactors for that particular channel at LBNE. The sensitivity of the 10 kt plot (with ND and reactors) is not so impressive as that of 35 kt FD (With ND, without reactors) at LBNE.
Conclusions
We can draw the following conclusions from the above observations:
• It has been shown in [7] , that LBNE alone would be sensitive to CPV studies. But, CPV discovery potential of LBNE improves significantly in presence of reactor experiments. The difference is prominent specially in NH.
• CPV discovery potential increases with increase in the mass of the far detector.
• In presence of ND, CPV sensitivity increases noticeably.
• Adding reactor experiments in presence of ND with 35 kt FD, makes it possible to discover CPV at 5σ cl for both the hierarchies, irrespective of any octant.
• Combining Daya Bay, RENO with LBNE individually can also inprove its CPV sensitivity.
• CPV sensitivity of LBNE in IH mode is higher than that of NH (as can be also seen from fig.1 ).
• In Fig.4 , we have presented the possibility of discovering CPV after 5 years run of LBNE in ν mode when combined with data from reactors. It can provide an early hint of CPV at 3σ cl.
• Only the appearance measurement of LBNE (with ND) can provide hint of CPV discovery at more than 5σ cl if combined with reactor experiments.
• Although the appearance channel is responsible for CP violating effect in neutrino sector [7] , combination of both appearance and disappearance channels increases CPV sensitivity. A comparative study of fig.2, fig.3 and fig.5 have confirmed this conclusion.
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